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The  selection  of  materials  in  this  study  are  the  unidirectional  carbon  fiber  reinforced  poly¬ 
mer  (CFRP)  composites  materials  for  which  a  data  base  was  developed  as  part  of  the  Military 
Handbook  17  program  at  the  U.S.  Army  Materials  Technology  Laboratory  (MTL).  The  pur¬ 
pose  of  MIL-HDBK-17  is  to  provide:  (1)  guidelines  for  the  physical,  chemical,  and  mechani¬ 
cal  characterization  of  composite  material  systems  to  be  used  in  aerospace  vehicles  and 
structures,  (2)  compilation  of  statistically-based  mechanical  property  data  for  composite  mate¬ 
rial  systems  used  in  aerospace  industry,  and  (3)  information  regarding  materials,  fabrication, 
procedures,  quality  control,  design,  and  analysis. 


INTRODUCTION 


This  is  a  microstructural  characterization  study  of  unidirectional  carbon  fiber  reinforced 
polymer  (CFRP)  laminate  composites  fabricated  by  eight  manufacturers.  It  was  developed  to 
provide  the  geometrical  microstructural  characterization  of  the  mechanical  test  specimens  used 
in  the  Military  Handbook  171  program.  The  findings  and  recommendations  are  intended  to 
be  helpful  in  planning  future  MIL-HDBK-17  studies  of  CFRP  composites. 

Part  1  of  this  microstructural  characterization  program  was  undertaken  to  further  the 
development  and  evaluation  of  microstructural  characterization  using  optical  quantitative  image 
analysis  (QIA)  techniques  for  determining  fiber  and  void  content  in  carbon  fiber  reinforced 
polymer  composite  materials.  This  report  includes:  (1)  the  evaluation  of  QIA  procedures, 

(2)  the  materialographic  preparation  methods,  and  (3)  the  macro  and  microstructural  character¬ 
istics  of  the  individual  processed  laminate  tensile  specimens.  The  following  composite  charac¬ 
teristics  are  determined  using  QIA  methods:  laminate  thickness,  fiber  volume,  fractional  fiber 
volume,  percent  voids,  total  fiber  area  within  a  cross  section,  and  qualitative  comparison  of 
various  types  of  laminate  molded  surface  contours. 

Part  2  is  being  published  as  a  separate  report.  Its  objectives  are:  (1)  to  determine  the 
relationship  between  the  fiber  contents  of  the  individual  tensile  specimens  characterized  in 
Part  1  and  their  corresponding  axial  tensile  strengths,  and  (2)  to  present  various  methods  for 
normalizing  ultimate  tensile  strength  of  unidirectional  CFRP  composites. 

MATERIAL  BACKGROUND 

Under  the  Military  Handbook  17  program,  prepregs  for  two  different  CFRP  systems  were 
purchased  by  MTL  and  distributed  to  the  companies  listed  below  who  volunteered  to  fabricate 
laminate  panels.  The  two  different  CFRP  systems  used  by  the  various  fabricators  are: 

1.  Hercules  AS4  Carbon  Fiber  and  3501-6  Epoxy. 

2.  Union  Carbide  T300  Carbon  Fiber  and  Fiberite  934  Hy-E  1034C  Epoxy. 

Fabricators 


AS4/35Q1.-S 

MTL 

Lockheed  -  Georgia 
McDonnell  Douglas 
Sikorsky  Aircraft 


T300/934 

MTL 

Boeing  -  Seattle 
Lear  Fan 

Lockheed  -  California 


Conventional  autoclave  methods  were  used  to  fabricate  the  12"  x  12"  seven-ply  unidirec¬ 
tional  CFRP  laminate  panels.  The  samples  were  mechanically  tested  for  ultimate  tensile 
strength  (UTS)  at  MTL.  One-inch-wide  tensile  specimens  were  cut  from  the  panels.  Fiber¬ 
glass  tabs  were  adhesively  bonded  to  both  surfaces  at  each  end  for  gripping  by  tensile  tester. 
The  specimens  were  dry  conditioned  prior  to  testing  at  50%  relative  humidity.  The  tensile 
test  load  was  applied  parallel  to  the  fiber  axis,  i.e.,  axial  or  0-degree  tensile  load. 


1.  Military  Handbook  17B  Part  I:  Composite  Materials  for  Aircraft  and  Aerospace  Applications,  MIL-HDBK-17B,  Volume  1:  Guidelines, 
U.S.  Army  Materials  Technology  Laboratory,  Draft  Copy,  September  1987. 
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The  quality  assurance  certification  from  Hercules  for  the  CFRP  material,  AS4/3501-6  pre- 
preg  tape,  was  available.  It  specifies  the  manufacturer’s  tolerances  given  for  fiber  density, 
areal  weight  of  ply,  and  ply  thickness. 

QUANTITATIVE  IMAGE  ANALYSIS:  METHODS  AND  MEASUREMENTS 

The  quantitative  image  analysis  was  performed  using  a  Cambridge  Instruments  Quantimet 
720  System  23  interfaced  with  a  Zeiss  Universal  Research  optical  microscope  with  programma¬ 
ble  stage  and  automatic  focusing  capabilities.  Acquisition  of  the  data  is  via  a  Digital  Equip¬ 
ment  Corporation  PDP-11/04  computer.  The  QIA  system  is  calibrated  using  an  artificial 
specimen  developed  and  supplied  by  Cambriuge  Instruments.  (See  Appendix  A.1  for  artificial 
specimen  specifications.) 

The  artificial  specimen  is  measured  prior  to  each  sample  measurement.  The  image  analy¬ 
sis  measurements  are  performed  by  the  same  operator  to  reduce  variability  and  provide  a 
greater  degree  of  confidence  in  the  relative  aspect  of  the  data. 

The  QIA  measurements  were  performed  on  tensile  specimens  which  had  been  previously 
tested  to  failure.  The  "necimens  exhibit  extensive  damage  in  the  gage  length  section  between 
the  fiberglass  tabbed  ends.  However,  the  fiberglass  composite  tabs  and  bonding  adhesive  pre¬ 
vent  the  CFRP  laminate  from  being  damaged,  thus  retaining  an  accurate  representation  of  the 
composite  cross  section.  This  allows  for  microstructural  characterization  of  the  CFRP  cross 
section. 

Three  specimens  from  each  of  the  eight  fabricated  panel  types  were  selected  for  QIA. 

The  criteria  for  selection  of  these  three  specimens  was  based  on  the  maximum,  minimum,  and 
average  load-to-break  mechanical  test  values  obtained  at  MTL  for  each  fabricator. 

These  cross  sections  were  prepared  for  QIA  measurements  using  the  materialographic  pro¬ 
cedure  described  in  Appendix  A.2.  The  materialographic  preparation  was  done  by  the  same 
person  using  automated  metallographic  equipment.  The  diagram,  Figure  la,  shows  where  the 
sections  are  cut  for  mounting,  polishing,  and  analysis.  The  photomicrograph  in  Figure  lb  is 
typical  of  all  the  materialographic  polished  cross  sections  and  shows  the  bonding  adhesive  and 
fiberglass  composite  tabs.  The  photomicrographs  in  Figure  2  are  the  magnified  cross-sectional 
images  of  the  two  different  fiber  types,  T300  and  AS4. 

To  provide  an  assessment  of  fiber  content  uniformity  along  the  length  of  an  individual  ten¬ 
sile  specimen,  one  section  is  cut  from  each  of  the  opposite  tabbed  ends,  thus  providing  two 
samples  for  analysis.  The  opposite  tensile  specimen  ends  are  referred  to  as  A  and  B. 

QIA  methods  are  used  to  measure  the  following  geometrical  microstructural  aspects  of 
the  composite  cross  section  of  the  unidirectional  CFRP  tensile  specimens:  (1)  laminate  thick¬ 
ness  and  width,  (2)  total  fiber  cross-sectional  area,  (3)  percent  fiber  in  the  laminate,  and  (4) 
uniformity  of  fiber  distribution  within  the  laminate  cross  sections. 


2.  Hercules  Incorporated,  Aerospace  Division,  Bacchus  Works,  Magna,  Utah,  84044,  20  October  1982,  MTL  Purchase  Order 
No.  DAAG46-82-M-1474. 
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Cutting  Plane 


Figure  1  a.  Portion  of  tonsil*  specimen  cut  and  polished  for  QIA  analysis. 


Fiberglass/Epoxy  Tab 


Bonding  Adhesive 


Carbon  Fiber/Epoxy 


Bonding  Adhesive 


Fiberglass/Epoxy  Tab 


Figure  1  b.  Photomicrograph  of  polish  cross  section  of  the  cut 
tensile  specimen's  tabbed  end. 


Composite  Laminate  Thickness 

The  dark  field  and  bright  field  optical  photomicrographs  of  the  laminate  cross  sections, 
Figures  3a  through  3e,  demonstrate  the  variations  of  surface  contours  caused  by  the  different 
types  of  release  cloth  or  film  used  by  the  various  fabricators.  For  some  fabricators,  the 
magnitude  of  the  laminate  surface  contour  variations  appear  considerable.  The  standard 
micrometer  methods  of  measuring  laminate  thickness,  as  described  in  Method  2  below,  do  not 
allow  or  compensate  for  surface  contour  irregularity.  Method  1,  discussed  below,  is  intro¬ 
duced  as  a  more  accurate  measurement  of  laminate  thickness,  thus  providing  greater  accuracy 
in  the  calculation  of  the  tensile  specimen’s  cross-sectional  area. 

Quantitative  image  analysis  technology  has  the  capability  of  directly  measuring  the  overall 
composite  cross-sectional  area.  However,  because  of  the  time  needed  to  develop  special  speci¬ 
men  preparation  methods  for  edge  enhancement,  it  was  not  included  in  this  study. 

Method  1 

Thickness  measurements  are  acquired  from  the  polished  cross  sections  using  the  X-Y  preci¬ 
sion  stage  measuring  capability  and  the  Zeiss  microscope.  The  illustration  in  Figure  4  depicts 
an  exaggerated  surface  contour  of  a  laminate  cross  section. 

A  maximum  thickness  (tm)  is  obtained  by  measuring  the  distance  between  the  contour 
peaks  on  one  surface  to  the  peaks  on  tne  opposite  surface  of  the  laminate  (see  Figure  4). 

The  minimum  laminate  thickness  (ts)  is  obtained  by  measuring  between  the  lowest  point  or 
valley  of  contours  on  one  surface  to  the  valley  on  the  opposite  surface  of  the  laminate  (see 
Figure  4);  thus,  an  upper  and  lower  bound  for  the  thickness  is  determined.  The  average 
thickness  (tt)  is  determined  using  Equation  1. 

ti  =  (tm  +  t,)/2  (1) 

The  width  (W)  for  the  tensile  specimens  is  also  determined  using  the  X-Y  stage  measuring  sys¬ 
tem.  The  X-Y  stage  precision  is  ±2.5  fim  or  ±0.0001  inches. 

Method  2 

In  this  method,  a  conventional  hand  held,  flat  anvil,  screw  micrometer  is  used  to  measure 
laminate  thickness  (t2).  The  two  opposite  anvil  faces  of  the  micrometer  span  the  peaks  of 
the  surface  contours.  This  is  similar  to  the  QIA  procedure  for  making  the  upper  bound  thick¬ 
ness  (tm)  measurements  in  Method  1.  Another  micrometer  type,  such  as  ball  ended,  would 
be  an  improvement  over  the  flat  anvil  type.3 

The  QIA  thickness  data  (tj)  is  considered  to  be  the  more  accurate  representation  of  the 
average  composite  thickness  since  surface  contours  exist.  The  importance  of  laminate  thick¬ 
ness  accuracy  will  become  apparent  when  the  methods  of  determining  fiber  volume  content 
are  discussed  later. 


3.  KOWALSKI,  I.  M.  Determining  the  Transverse  Modulus  of  Carbon  Fibers.  SAMPE  Journal,  July /August  1986,  p.  39. 
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Figure  3a.  Dark  field  and  bright  field  optical  photomicrographs  of  polished  tensile  specimen  cross  sections 
showing  molded  surface  contours  and  fiber/resin  uniformity 


igure  3b.  Dark  field  and  bright  field  optical  photomicrograph*  of  polished  tensile  specimen  cross  sections 
showing  molded  surface  contours  and  liber/resin  uniformity. 
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Figure  3c.  Dark  field  and  bright  field  optical  photomicrographa  of  polished  tensile  specimen  cross  sections 
showing  molded  surface  contours  and  fiber/resin  uniformity. 
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Specimen  Width,  W 


ti  «*  average  thickness  ti  -  (U  +  tm)/2 

t«  =  minimum  thickness 
tm  3  maximum  thickness 


Figure  4.  Illustration  of  molded  surface  contours  and  thickness  variations. 


Total  Cross-Sectional  Fiber  Area  (Afi):  Method  1 

The  Quantimet  optical  QIA  system  is  used  to  measure  the  average  total  fiber  cross- 
sectional  area  (An)  of  the  tensile  specimen.  For  unidirectional  fiber  composites,  the  fiber 
cross-sectional  area  is  numerically  equivalent  to  the  fiber  volume.4  The  QIA  measurement  pro¬ 
cedure  is  as  follows. 

The  polished  specimens  are  leveled  and  aligned  parallel  to  X  direction  of  the  automatic 
scanning  microscope  stage.  Each  specimen  is  fixed  to  a  metal  microscope  slide  using  a  soft 
clay;  secure  but  removable.  The  microscope  is  set  at  200X  and  the  image  is  projected  on  the 
Quantimet  CRT  monitor  via  a  Vidicon  camera.  The  actual  Quantimet  measurement  magnifica¬ 
tion  is  435X.  The  carbon  fibers  in  the  polymer  matrix  are  electronically  “detected”  or  differ¬ 
entiated  by  their  optical  contrast  difference. 

The  entire  composite  cross  section,  typically  0.0400  ±0.0050  square  inches,  is  scanned 
using  a  programmed  X-Y  pattern.  Each  field  of  view  in  the  matrix  pattern  is  referred  to  as 
a  measuring  frame  or  simply  a  “frame.”  Each  frame  is  approximately  0.0177  x  0.0138  inches 
and  programmed  to  butt  with  each  adjoining  frame  in  a  matrix  array.  The  butting  precision 
of  the  frame  is  ±2.5  n m  or  ±0.0001  inches.  The  total  number  of  frames  needed  to  scan  an 
entire  composite  sample  cross  section  varies  from  171  to  232. 

The  Quantimet  PDP-11/04  computer  is  programmed  to  sum  the  fiber  area  measurements 
from  all  the  frames  scanned  in  the  entire  cross  section.  This  provides  the  total  fiber  area  in 
each  tensile  specimen  cross  section.  The  total  fiber  area  measurement  is  repeated  three 
times  for  each  tensile  specimen  and  averaged  to  determined  the  average  total  cross-sectional 
fiber  area  (An). 


4.  UNDERWOOD,  E.  E.  Quantitative  Stereology.  Addaon-Wesley,  MA,  1970,  p.  27. 
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Percent  Cross-Sectional  Fiber  Area  (%A<i)  and  (%Ae) 


Two  different  methods  are  used  to  determine  the  percent  Gber  area  in  each  specimen 
cross  section.  Method  1  involves  calculating  the  percent  fiber  using  the  QIA  measurements 
of  total  fiber  cross-sectional  area  and  specimen  cross-sectional  area.  In  Method  2,  a  direct 
measurement  of  percent  Gber  is  obtained  using  the  Quantimet.  In  either  case,  Gber  area  frac¬ 
tion  is  equivalent  to  Gber  volume  fraction.3 

Method  1  (%An) 


The  percent  Gber  area  of  the  tensile  specimen  (%An)  is  calculated  using  the  total  Gber 
cross-sectional  area  measured  using  QIA  (An)  divided  by  its  cross-sectional  area  (Aq).  Aq  is 
the  product  of  the  width  (W)  and  thickness  (tt)  of  the  individual  tensile  specimen,  which 
were  both  measured  using  the  QIA  X-Y  stage.  The  percent  Gber  is  calculated  using 
Equation  2. 


%An  «  [Ah/AqI  (100)  =  [A„/(t1)(W)]  (100) 


(2) 


Method  2  ( %An ) 

The  average  percent  Gber  area  (%An)  is  obtained  by  direct  QIA  measurement.  The 
Quantimet  is  programmed  to  measure  the  Gber  area  within  each  frame  and  divide  it  by  the 
frame  area,  i.e.,  the  percent  Gber  area  for  each  frame  (%Af,).  The  average  percent  fiber 
area  (%An)  for  each  specimen  is  automatically  calculated  by  the  computer  by  summing  the 
percent  Gber  area  measurement  for  each  individual  frame  divided  by  the  number  of  frames 
(N)  (see  Equation  3). 

%Aa  =  f  %Af/N  (3) 

i-l 

A  typical  histogram  distribution  of  percent  Gber  area  (%Afi)  versus  number  of  frames  mea¬ 
sured  (N)  is  shown  in  Figure  5.  The  computer  also  provides  statistical  information:  mean, 
minimum,  maximum,  median,  and  standard  deviation  of  the  average  percent  Gber  for  each 
specimen. 

The  Quantimet  scanned  and  measured  approximately  60%  to  90%  of  the  total  cross- 
sectional  area  of  each  of  the  individual  specimens.  The  entire  specimen  cross  section  could 
not  be  scanned  while  performing  the  QIA  %Af2  measurements  for  two  reasons.  First,  the 
irregular  molded  surface  contours  (as  seen  in  the  dark  Geld  photographs.  Figures  3a  through 
3e,  left  photo)  in  the  composite  cross  section  had  to  be  excluded  from  the  QIA  measurement 
due  to  the  square  measuring  frame  of  the  Quantimet  system.  Secondly,  some  of  the  compos¬ 
ite  cross  section  was  excluded  due  to  slight  nonparallel  sample  alignment  with  respect  to  the 
microscope  stage  scanning  array. 


DIFFERENTIAL  HISTOGRAM;  UNITS:  MICRONS 
MIN.  VALUE  -  46.1013  MAX.  VALUE  -  73.6741 

MEAN  -  60.3677  (%Ar)  STD.  DEV.  »  5.86658 

NO.  OF  SAMPLES  -  80  MEDIAN  -  61.0667 
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Figure  5.  Typical  specimen  histogram  for  percent  fiber  area,  %Aq. 
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Total  Cross-Sectional  Fiber  Area  (Ac):  Method  2 

Method  2  presents  an  alternative  procedure  to  that  previously  described  in  Method  1 
(An)  for  determining  the  total  cross-sectional  fiber  area  in  an  individual  tensile  specimen.  In 
Method  2,  the  total  fiber  area  (An)  is  calculated  for  a  tensile  specimen  using  the  correspond¬ 
ing  value  of  %An,  and  the  overall  cross-sectional  area  (Aq)  (see  Equation  4).  Aq  is  the 
product  of  the  specimen  width  (W)  and  the  thickness  (tj)  as  measured  using  QIA  methods. 

An  =  (%Af2)(W)(t1)/100  =  (%Af2)(AQ)/100  (4) 
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Fiber  Area  Per  Unit  Width  (Ae/W) 

The  fiber  area  per  unit  width  of  composite  laminate  is  used  to  facilitate  the  estimation  of 
fiber  content  in  test  specimens  of  varying  widths  and  provide  a  useful  parameter  for  character¬ 
izing  and  comparing  CFRP  laminates.  Typically,  this  is  calculated  from  the  manufacturer’s 
batch  specifications.  Whereas,  QIA  methods  are  used  on  the  processed  laminate  and  provide 
a  measure  of  the  fiber  area  per  unit  width  variability  in  a  panel  cross  section.  Below  are 
two  QIA  methods  used  for  determining  the  total  fiber  area  per  unit  width  for  each  tensile 
specimen. 

Method  1  (Af/W)i 

Fiber  area  per  unit  width  of  composite  (Af/W)x  is  calculated  using  the  average  total  fiber 
area  determined  frc  direct  QIA  measurements  (Afi)  and  the  sample  width  (W)  (see 
Equation  S). 


(Af/W)!  =  An/W 


(5) 


Method  2  (Af/W)2 

Fiber  area  per  unit  width  of  composite  (Af/W)2  is  calculated  using  the  percent  fiber  area 
from  direct  QIA  measurements  (%An)  and  the  average  thickness  obtained  from  the  QIA 
method  (tt)  (see  Equation  6),  which  is  equivalent  to  Aq  (see  Equation  4)  divided  by  the  sam¬ 
ple  width  (W). 

(Af/W)2  =  (%Af2)(t1)  =  An/W  (6) 

Uniformity  of  Fiber  Within  a  Composite  Cross  Section 

As  seen  in  the  bright  field  photomicrographs  in  Figures  3a  through  3e,  right  photo,  the 
carbon  filaments  are  not  uniformly  distributed  throughout  the  specimen  cross  section.  The 
percent  fiber  area  histogram  (see  Figure  5)  provides  a  graphical  representation  of  the  percent 
fiber  variation  in  the  scanned  cross  section.  The  corresponding  standard  deviation  of  the  per¬ 
cent  fiber  area  is  a  quantitative  indicator  of  how  much  the  percent  fiber  varies  in  a  cross 
section. 

Standard  deviation  is  affected  by  the  image  analyzer  magnification  used  in  performing  the 
percentage  fiber  area  measurements.5  In  this  study,  all  the  %A (2  measurements  were 
performed  at  the  same  magnification,  435X,  making  it  possible  to  compare  the  standard  devia¬ 
tion  variations  between  specimens;  thus,  the  standard  deviation  could  be  used  to  estimate  the 
degree  of  fiber  uniformity  within  the  scanned  portion  of  the  cross  section. 

In  some  cases,  the  specimens  exhibit  excess  resin  regions  along  the  molded  surfaces. 

These  regions  are  usually  excluded  from  this  uniformity  measurement  because  of  the  Quan- 
timet  square  boundary  frame  and  sample  alignment  limitations  cited  in  the  previous  percent 


S.  VANDER  VOORT,  G.  Influence  of  Mollification  on  Feature  Specific  Image  Analysis  Measurements.  Metallography,  v.  21,  1988, 
p.  327-345. 
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fiber  area  section.  The  original  photomicrographs  (see  Figures  3a  through  3e)  show  which 
laminates  exhibit  this  excess  resin  characteristic,  although  the  reproduction  of  the  images  may 
make  this  difficult  to  detect. 


TABULATED  RESULTS 

The  QIA  data  for  each  fabricator  is  tabulated  in  Tables  1  through  8.  A  and  B  refer  to 
the  opposite  ends  of  the  particular  tensile  specimen  analyzed.  Identification  of  the  column 
headings  are  listed  below.  Conversion  factors  and  additional  terms  are  listed  for  quick 
reference.  English  and  metric  units  are  used  throughout  the  results  section. 

SAMPLE  NUMBER:  A  and  B  refer  to  the  opposite  ends  of  the  individual  tensile  specimen. 

THICKNESS  (ti),  /xm:  Average  of  5  thickness  measurements  along  the  width  in  microns 
with  ±  referring  to  the  maximum  and  minimum  thickness  of  the  surface  contour  (see 
Equation  1). 

WIDTH  (W),  [xm:  QIA  tensile  specimen  width  in  microns. 

SPECIMEN  AREA  (A Q),  //m2:  Composite  cross-sectional  area  calculated  from  the  QIA 
measurements  of  average  thickness  and  width  (see  Equation  2)  in  square  microns. 

FIBER  AREA  (An),  ±  STD  DEV,  /m2:  Average  of  the  three  repeated  QIA  total  cross- 
sectional  fiber  area  measurements  in  square  microns. 

%FIBER  AREA  (%An):  Average  percent  fiber  cross-sectional  area  in  composite  speci¬ 
men  calculated  using  total  fiber  area  via  QIA,  An,  divided  by  the  composite  cross- 
sectional  area  of  specimen,  Aq  x  100  (see  Equation  2). 

%FIBER  (%A(2)  ±  STD  DEV:  Average  percent  fiber  with  ±  the  standard  deviation 
determined  from  direct  measurement  QIA  (see  Equation  3).  The  percentage  of  the 
sample  cross-sectional  area  actually  scanned  for  this  measurement  is  shown  in  parentheses. 

Conversion.  Factors; 

/xm  =  micrometers  or  microns;  1  /xm  =  3.937  x  10'5  inches 
/xm2  —  square  micrometers  or  square  microns;  1  ^urn2  =  1.55  x  10‘9  inches 
Other  Terms  in  This  Report: 

t2:  Micrometer  method  thickness,  micrometers  or  inches 

(Af/W),:  Average  fiber  area  per  unit  width  calculated  from  (An  via  QIA)/(sample  width, 
W),  in./ia.  (see  Equation  5) 

(Af/W)2:  Average  fiber  area  per  unit  width  calculated  from  (%A(2)(ti),  in.2/in.  (see  Equation  6) 

Af2:  Calculated  total  cross-sectional  fiber  area  from  (%Af2)(AQ)/100,  in.2  or  /xm2  (see 
Equation  4) 


Table  1 .  QiA  DATA  FOR  A1  TENSILE  SPECIMENS 


Cample 

Number 

Thickness 

ti./im 

Width 

W,  (im 

Specimen  Area 

Aq,  ftm 2 

Fiber  Atm 

An,  fitrr 

%Fiber  Area 
%An 

%Fiber,  %A« 

±  Std.  Dev. 

A1  A-3-1-9 

1084  ±8 

25,365 

2.567376  xIO7 

1.599664  xIO7 

61.6 

61.6  ±6.0  (90%) 

A1  B-3-1-9 

1060  ±16 

25,493 

2.753244  x  107 

1.561375  xIO7 

57.8 

57.8  ±5.7  (85%) 

A1  A-3-3-9 

1083  ±8 

25,435 

2.7800455  xIO7 

1.609646  xIO7 

57.9 

57.9  ±5.4  (91%) 

A1  B-3-3-9 

1076  ±15 

25,455 

2.738958  x  107 

1.615965  xIO7 

59.0 

59.0  ±5.5  (92%) 

A1  A-3-3-10 

947  ±10 

25,385 

2.4039696  xIO7 

1.500071  xIO7 

62.4 

62.4  ±5.0  (70%) 

A1  B-3-3-10 

949  ±22 

25,425 

2.4128325  xIO7 

1.466305  xIO7 

61.6 

61.6  ±5.0(70%) 

Table  2.  QIA  DATA  FOR  A2  TENSILE  SPECIMENS 


Sample 

Number 

Thickneea 

ti,/rm 

Width 

W.  ftm 

Specimen  Area 
Aq,  ftnr 

Fiber  Area,  An  , 

±  Std.  Dev.,  ftm 

%Fiber  Area 
%An 

%Fiber,  %Aq 
±  Std.  Dev. 

A23-A-48 

840  ±46 

25,320 

2.12688  xIO7 

1.4775411  xIO7 
±8.2978035  xIO4 

69.4 

65.2  ±6.9  (76%) 
(0.53%  Void) 

A2  3-B-48 

841  ±31 

25,410 

2.136961  XIO7 

1.4514403  XIO7 
±24.515106  xIO4 

67.9 

67.0  ±4.7  (77%) 
(0.16%  Void) 

A2  10-A-39 

954  ±12 

25,415 

2.424591  X 107 

1.66591 3  x  107 
±21 .572616  x  104 

68.7 

66.4  ±3.6  (73%) 

A210-B-39 

997  ±12 

25,400 

2.53238  xIO7 

1.6518088  XIO7 
±17.628767  xIO4 

65.2 

64.7  ±3.5  (71%) 

A2  3-A-40 

972  ±15 

25,355 

2.464506  XIO7 

1.5860851  XIO7 
±422236  xIO4 

64.4 

64.0  ±4.7  (90%) 

A2  3-B-40 

Table  3.  QIA  DATA  FOR  A3  TENSILE  SPECIMENS 

Sample 

Number 

Thickness 

ti,A«n 

Width 

W,  ftm 

Specimen  Area 
Ao,  ftnr 

Fiber  Area,  An  , 

±  Std.  Dev.,  ftm 

%Fiber  Area 
%Ar, 

%  Fiber,  %A« 

±  Std.  Dev. 

A310-A49-34 

25,435 

62.2  ±4.0  (36%) 

A3  10-8-69-34 

1035  ±9 

25,460 

2.63511  XIO7 

1 .601492  x  107 
±0.50513266  x  104 

60.8 

59.4  ±5.3  (36%) 

A311-A49-38 

1043  ±18 

25,480 

2.657564  xIO7 

1.542676  xIO7 
±24.06807  x  104 

58.0 

58.2  ±5.1  (61%) 

A311-B-69-38 

967  ±18 

25,435 

2.5104345  xIO7 

1.5811341  xIO7 
±21 .934316  xIO4 

63.0 

61.8  ±3.9  (67%) 

A3 11-A-69-36 

1029  ±13 

25,435 

2.6172615  xIO7 

1. 588969  xIO7 
±4.8505353  x  104 

60.7 

59.0  ±4.8  (68%) 

A3  1 1 -8-6636 

1083  ±5 

25,480 

2.606604  xIO7 

1 .6309363  x  107 
±1.4493689  xIO4 

62.6 

59.9  ±5.2  (64%) 
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Table  4.  QIA  DATA  FOR  M  TENSILE  SPECIMENS 


Sample 

Number 

Thick  neee 
ti,/rm 

Width 

W,  pm 

Specimen  £rea 

Fiber  Area,  An  , 

±  Std.  Dev.,  pm2 

%Fiber  Area 
%An 

%  Fiber,  %Ae 
±  Std.  Dev. 

A4-13-AS4 
4-1 1-A 

1254  ±5 

25,392 

3.1841568  xIO7 

1.6689717  xIO7 
±30.378  xIO4 

524 

49.1  ±5.8  (60%) 

A4-13-AS4 

4-11-8 

1140  ±10 

25,496 

2.90643  x  1 07 

1. 6396425  xIO7 
±9.80645  xIO4 

56.4 

53.1  ±5.9  (88%) 

A4-3-AS4 

4-8-A 

Fractured  into  Tabbed  Area 

A4-3-AS4 

4-8-B 

1200  ±5 

25,883 

3.10596  xIO7 

1.5226696  xIO7 
±255266  xIO4 

49.0 

50.2  ±7.0  (79%) 

A4-7-AS4 

4-10-A 

1290  ±6 

25,375 

3.273375  XIO7 

1.7138533  x  107 
±247993x10* 

524 

50.6  ±6.5  (80%) 

A4-7-AS4 

4-10-8 

1316  ±16 

25,396 

3.341 962  XIO7 

49.8  ±6.1  (74%) 

Table  5.  QIA  DATA  FOR  T1  TENSILE  SPECIMENS 

Sample 

Number 

Thlcknese 

ti,/im 

Width 

W,  pm 

Specimen  Area 

Ao,  pm2 

Fiber  Area,  An 
±  Std.  Dev.,  pm2 

%Fiber  Area 
%An 

%Fiber,%Ae 
±  Std.  Dev. 

T1 

4-A 

913  ±18 

25,500 

2.3281 5  xIO7 

1.5039583  xIO7 
±3.3061714  x  104 

68.5 

69.5  ±21  (75%) 

T1 

4-B 

934  ±18 

25,645 

2395243  XIO7 

1.573349  xIO7 
±5.9682932x10* 

65.7 

66.7  ±3.8  (75%) 

T1 

61  -A 

866  ±30 

25,580 

2.21 5228  XIO7 

1.4230193  XIO7 
±0.37765107x10* 

64.2 

67.1  ±21  (81%) 

T1 

61 -B 

877  ±42 

25,570 

2242489  XIO7 

1. 424309  xIO7 
±3.5305049x10* 

63.5 

66.7  ±21  (80%) 

T1 

91 -A 

906  ±24 

25,560 

2315736  xIO7 

1. 5058233  xIO7 
±1.2026605  x  10* 

65.0 

67.1  ±25  (77%) 

T1 

91-8 

887  ±21 

25,485 

2.2805195  xIO7 

1.4695503  xIO7 
±1.4495807x10* 

65.0 

65.8  ±2.3  (77%) 

Table  6.  QIA  DATA  FOR  T2  TENSILE  SPECIMENS 


Sample 

Number 

Thickneee 

ti./rm 

Width 

W,  pm 

Specimen  Area 
Aq,  pH? 

Fiber  Area,  An 
±  Std.  Dev.,  pm 

%Fiber  Area 
%An 

%Fiber,  %A« 

±  Std.  Dev. 

T2 

4-A 

850  ±26 

25,600 

2.176  xIO7 

1.5484532  XIO7 
±7.7876123x10* 

71.2 

69.4  ±1.9  (82%) 

T2 

4-B 

853  ±18 

25,545 

2.1789685  xIO7 

1.5379637  xIO7 
±4.7576434  x  10* 

70.6 

69.4  ±2.4  (82%) 

T2 

13-A 

889  ±11 

25,600 

2.27584  x  107 

1.5781533  XIO7 
±1.4406783x10* 

69.3 

69.5  ±2.4  (77%) 

T2 

13-B 

881  ±10 

25,560 

2.251836  xIO7 

1.5550973  xIO7 
±23064065x10* 

69.1 

60.4  ±2.5  (78%) 

T2 

58-A 

879  ±32 

25,550 

2245845  xIO7 

1. 5478457  XlO7 
±6.3603069x10* 

68.9 

68.2  ±2.7  (78%) 

T2 

58-8 

883  ±14 

25,535 

22547405  xIO7 

1.5816667  xIO7 
±9.110182x10* 

70.1 

69.0  ±2.2  (78%) 

Table  7.  QIA  DATA  FOR  T3  TENSILE  SPECIMENS 


S«fnpto 

Numb* 

Thickneea 

U,ftm 

Width 

W,  pm 

Specimen  Atm 
Ao,  MtrT 

Fiber  Aree,  An 
±  Std.  Dev.,  prr? 

%Flber  Area 
%An 

%Flber,%Ae 
±  Std.  Dev. 

T3 

ISA 

962  ±33 

28,580 

2.435216  x  107 

1. 5877858  xIO7 
±3.5006153  xIO4 

652 

67.3  ±28  (69%) 

T3 

15-8 

T3 

12-A 

886  ±16 

28,500 

22593  X 107 

1.4803268  xIO7 
±29284814  xIO4 

65.5 

66.6  ±3.3  (74%) 

T3 

12-8 

T3 

13-A 

944  ±29 

28,580 

2414752  x107 

1.5790617  xIO7 
±4.560784  x  104 

68.4 

65.5  ±2.7  (69%) 

T3 

13-8 

936  ±17 

28,555 

2391948  xIO7 

1.541871  xIO7 
±4.938518  xIO4 

64.5 

65.4  ±22  (71%) 

Table  8.  QIA  DATA  FOR  T4  TENSILE  SPECIMENS 

Sample 

Number 

Thickneea 

ti.A»m 

Width 

W,  pm 

Specimen  Area 

Aa  ftnr 

Fiber  Aree,  An  . 

±  Sid.  Dev.,  n nr 

%Flber  Aree 
%An 

%Fiber,%Ac2 
±  Std.  Dev. 

T4-A5-42-3 

1139  ±2 

28,490 

2903311  xIO7 

1. 5576843  xIO7 
±4.859  X104 

53.6 

522  ±27  (90%) 

T44S-444 

963  ±4 

28,500 

245565  XIO7 

1.5638257  xIO7 
±4.970366  xIO4 

63.7 

63.6  ±3.3  (71%) 

T4-B5-50-2 

1138  ±1 

25,465 

2.897917  xIO7 

1.4880847  xIO7 
±248478x10* 

51.4 

50.1  ±4.7  (91%) 

DISCUSSION  OF  RESULTS 

Surface  Contour  and  Laminate  Thicknesa 

In  Figures  3a  through  3e,  two  photomicrographs 

are  used  to  show  typical  cross-sectional 

views  for  each  specimen  fabricator.  Dark  field,  incident  light  illumination  at  40X  magnifica¬ 
tion  emphasizes  the  surface  contours.  Bright  field,  incident  light  illumination  at  80X  shows 
general  fiber  distribution  within  the  polymer  matrix  and  some  additional  surface  geometry 
detail.  As  evident  in  the  photomicrographs  shown,  the  surface  contours  of  the  processed  lami¬ 
nate  vary  considerably  between  fabricators  and,  in  two  cases  (see  Figures  3a  and  3e),  within  a 
fabricator.  These  surface  contour  variations  are  the  result  of  different  types  of  mold  release 
film  or  different  styles  of  mold  release  bleeder  fabric  used  in  the  autoclave  panel  fabrication 
process.  The  A4  and  T4  samples  used  mold  release  film  rather  than  bleeder  cloth  and  show 
smooth  edges  with  excess  resin  (see  Figures  3a  and  3e). 

Table  9  lists  average  fabricator  thickness  of  the  laminate,  the  difference  in  the  maximum 
and  minimum  thickness  (At),  and  the  percentage  ratio  of  At  to  the  average  thickness  (t]). 

This  percent  ratio  (%AT)  attempts  to  place  a  quantitative  value  on  the  sample  surface  con¬ 
tour  variations  relative  to  the  average  laminate  thickness.  The  %AT  ranges  from  0%  to  6% 
for  the  different  fabricators. 
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Table  9.  LAMINATE  CFRP  SAMPLE  THICKNESS  VARIABILITY  DUE  TO  SURFACE  CONTOUR  VARIATIONS 
CAUSED  BY  AUTOCLAVE  MOULD  RELEASE  CLOTH  AND  FILM 


AS4/3501-6 

T300/934 

MFQ 

ti,  Inchee 

At  Inches 

%AT 

MFQ 

ti,  Inchee 

At  Inchee 

%AT 

A1 

0.04048 

0.00111 

21 

TI 

0.03532 

0.00192 

5.4 

A2 

0.03625 

0.00174 

4.8 

T2 

0.03435 

0.00174 

5.1 

A3 

0.04029 

0.00114 

2.8 

T3 

0.03659 

0.00271 

5.9 

A4 

0.04882 

0.00080 

1.6 

T4 

0.04021 

-0- 

— 

tm  m  maximum  thickness 
b  »  minimum  thickness 
ti  =  average  thickness 


Specimen  Width,  W 


ti  -  ( tm  +t*)/2 
At  *  tm  -  U 
%AT  =  (AVti)  100 


An  example  of  a  somewhat  large  average  surface  contour  variation  is  shown  in  Table  9 
for  manufacturer  T3.  The  laminate  has  an  average  variation  (At)  of  0.0022  inches  and  an 
average  laminate  thickness  (tt)  of  0.0366  inches.  Thus,  the  overall  contour  variation  (At)  is 
approximately  6%  of  the  laminate  thickness.  This  is  larger  than  the  typical  specified  ±1% 
accuracy  associated  with  micrometer  measurements.  The  above  example  demonstrates  the 
need  for  further  investigation  of  more  accurate  methods  of  measuring  laminate  thickness 
where  contour  variations  are  appreciable. 

In  Figure  6,  the  tensile  specimen  thickness  determined  using  QIA  techniques  (tj)  is 
plotted  for  each  fabricator.  This  graphically  illustrates  the  thickness  variation  within  a 
manufacturer  and  between  the  different  manufacturers.  Since  the  widths  of  the  tensile  speci¬ 
mens  are  relatively  uniform  throughout  all  the  tensile  specimens,  1.0000  ±0.0050  inches,  this 
figure  is  indicative  of  the  relative  variation  in  the  composite  cross-sectional  area  of  the  tensile 
specimens. 


Figure  6.  Thickness  from  QIA  method,  ti.  in  Inchee  for  each 
tensile  specimen  fabricator. 
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In  Figure  7,  the  tensile  specimen  thickness  determined  from  the  micrometer  measure¬ 
ments,  t2,  is  plotted.  Figure  7  is  similar  to  Figure  6  in  that  it  shows  the  variations  within  a 
particular  fabricator  and  between  the  different  fabricators. 
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Figure  7.  Thickne**  from  micromotor  method,  t*.  In  inch**  for 
Mch  tensile  specimen  fabricator. 


In  Figure  8,  the  average  thickness  determined  from  the  QIA  method  (tt)  versus  the  thick¬ 
ness  from  the  micrometer  measurements  (t2)  is  plotted.  The  average  thickness  QIA  data  has 
“spread”  bars  which  represent  the  maximum  and  minimum  thickness  due  to  surface  contour 
variation.  In  the  micrometer  method,  the  micrometer  anvils  span  the  peaks  of  the  surface 
contours.  As  expected,  the  micrometer  measurements  are  approximately  equal  to  the  QIA 
maximum  thickness  values  which  correspond  to  the  upper  limit  of  the  “spread”  bars.  This 
agreement  is  demonstrated  by  noting  that  in  Figure  8  the  upper  limit  of  the  “spread”  bars  is 
reasonably  close  to  the  45-degree  linear  equality  dashed  line.  Hence,  when  these  contours 
exist,  conventional  flat  anvil  micrometers  provide  only  a  maximum  thickness  value,  and, 
because  the  surface  contours  vary  within  and  between  fabricators,  the  magnitude  of  the  aver¬ 
age  or  maximum  thicknesses  is  not  a  constant.  The  magnitude  of  the  micrometer  thickness  is 
on  the  average  2.2%  greater  than  the  average  thickness  determined  using  QIA  techniques. 
(Note:  The  data  for  the  statistical  spread  in  the  micrometer  thickness  measurements  are  not 
available,  thus  only  the  average  value  is  plotted.) 

The  thickness  and  width  are  recorded  for  all  fiber-reinforced  composite  mechanical  test 
specimens.  Hence,  the  improved  accuracy  of  the  QIA  thickness  measurement  (tj)  versus  the 
conventional  micrometer  thickness  (t2)  becomes  significant  when  the  specimen’s  cross-sectional 
area  is  used  for  calculating  the  composite  tensile  strength. 
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tg.  inch 

Figures.  Average  thickness  from  QIA  method,  ti,  in  inches,  versus  thickness 
meesured  with  micrometer,  ta,  in  inches  for  each  tensile  specimen. 


Figure  9  shows  the  total  thickness  contour  variation  (At)  determined  from  the  QIA  X-Y 
stage  measuring  technique  for  each  tensile  specimen.  Although  the  general  “shape”  of  the 
surface  contour  remains  constant  for  six  of  the  eight  fabricators,  the  actual  magnitude  of  the 
thickness  variations  At  varies  within  all  the  fabricators  except  the  T4  samples.  Although  T4 
and  A4  apparently  use  the  same  mold  release  film,  A4  does  have  thickness  variations  present. 


Figura  9.  Maximum  minus  minimum  thicknass,  At,  in  inches, 
for  each  tensile  specimen  fabricator. 
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Geometrical  surface  characteristics  can  influence  adhesive  bond  strength  or  the  durability 
of  laminate  coatings.  For  example,  a  scalloped-like  surface,  as  seen  in  Figures  3c  and  3e, 
could  have  both  advantages  and  disadvantages.  The  advantage  of  the  scalloped  surface  is  that 
it  provides  a  greater  surface  area  for  bonding  and  the  geometry  of  the  scalloping  provides 
areas  for  entrapment  of  adhesive  or  coating  materials,  and,  hence,  may  increase  the  joint 
strength  or  tab/grip  performance.  The  disadvantage  of  this  type  of  surface  is  the  point-like 
peaks  which  could  become  areas  of  stress  concentration  when  subjected  to  shear  or  the  com- 
pressional  forces.  Specifying  a  release  cloth  or  film  type  which  would  provide  an  optimum  sur¬ 
face  for  a  particular  application  should  be  introduced  as  a  military  specification. 

QIA  of  Composite  Tensile  Specimen  Cross  Sections 

The  QIA  data  for  each  fabricator  tabulated  in  Tables  1  through  8  designates  A  and  B 
for  each  tabbed  end  of  the  particular  tensile  specimen.  The  data  for  A  and  B  shows  that 
the  variation  of  the  fiber  area  and  the  percent  fiber  area  within  a  specific  tensile  specimen  is 
small  relative  to  specimen-to-specimen  variations.  The  fiber  area,  An,  varied  on  the  average 
±1.5%  between  ends  A  and  B  of  a  particular  tensile  specimen.  All  specimens  have  zero  or 
negligible  void  contents.  The  reproducibility  of  the  QIA  measurements  had  an  average  coeffi¬ 
cient  of  variation  of  ±0.5%. 

The  method  used  in  laminate  lay-up  and  processing  of  unidirectional  polymer  fiber  compos¬ 
ite  panels  provides  reasonable  expectation  that  a  small  variation  in  fiber  area  content  would 
exist  from  end-to-end  of  a  1-inch-wide  axial  tensile  specimen.  The  low  variation  (±1.5%)  of 
the  fiber  area  measurements  between  the  opposite  ends  of  a  particular  tensile  specimen  pro¬ 
vides  evidence  that  the  relative  aspects  of  the  QIA  data  is  reliable;  hence,  can  be  used  for 
comparing  composite  systems  and/or  individual  samples  and  for  determining  if  a  correlation 
exists  between  fiber  volume  and  the  mechanical  data. 

The  average  percent  fiber  (%Afl)  value  for  each  fabricator  is  plotted  in  Figure  10  and 
illustrates  the  variation  between  fabricators.  Quality  assurance  certification2  from  Hercules  for 
the  CFRP  material,  AS4/3501-6  prepreg  tape,  specifies  a  fractional  fiber  volume  range  from 
56.8%  to  72%.  This  range  was  calculated  using  the  manufacturer’s  tolerances  given  for  fiber 
density,  areal  weight  of  ply,  and  ply  thickness.  The  CFRP  laminates  fabricators  Al,  A2,  and 
A3  (see  Figure  10)  have  average  fractional  fiber  areas  (equivalent  to  fractional  fiber  vol¬ 
umes)4  in  the  range  of  60%  to  67%,  as  measured  at  MTL  using  QIA  techniques.  This  data 
provides  supporting  evidence  that  the  previously  noted  Hercules  QIA  specification  tolerances 
used  to  calculate  the  percent  fiber  volume  for  the  material  in  prepreg  form  are  in  agreement 
with  the  percent  fiber  volume  QIA  data  obtained  on  the  processed  laminate.  However,  the 
A4  panels  have  53%  fiber.  The  A4  specimens  are  noticeably  thicker  than  the  other  three 
manufacturers  in  this  group  with  approximately  the  same  fiber  content,  accounting  for  the 
lower  percent  fiber.  The  reason  A4  specimens  are  thicker  is  probably  due  to  the  use  of  a 
mold  release  film  rather  than  a  mold  release  bleeder  cloth  which  is  used  by  the  other  three 
fabricators.  On  the  average,  QIA  measurements  indicate  a  16%  and  17%  (T4:  T300  and 
A4:  AS4,  respectively)  fiber  volume  increase  using  a  mold  release  bleeder  cloth  compared  to 
a  mold  release  film  during  processing.  It  is  interesting  to  note  that  A4  and  T4’s  percent 
fiber  could  not  be  predetermined  by  the  Hercules  method  using  fiber  density,  areal  weight  of 
ply,  and  ply  thickness.  Hercules  did  not  stipulate  a  bleeder  cloth  type  in  order  to  stay  within 
their  percent  fiber  specification  tolerance. 
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Figure  10.  Avwraga  percent  liber  area  calculated  from  croes- sectional  area, 
%A»i,  lor  each  fabricator. 


In  Figure  11,  the  percent  fiber  from  direct  QIA  measurements  (%An)  versus  the  percent 
fiber  calculated  from  the  total  cross-sectional  fiber  area  (%An)  is  plotted  for  each  tensile 
specimen.  The  two  methods  of  acquiring  %  fiber  area  have  subtle  differences  in  the  measure¬ 
ment  procedure  and  represent  different  aspects  of  describing  percentage  fiber  content  (pre¬ 
viously  described  in  the  QIA  Methods  and  Measurement  Section).  The  determination  of 
%An  involves  dividing  the  total  fiber  area  (Af)  by  a  good  approximation  of  the  entire  tensile 
specimen  cross-sectional  area  (Aq).  The  determination  of  %Af2  involved  the  direct  measure¬ 
ment  of  total  fiber  area  within  each  tensile  specimen  cross  section.  The  procedure  using  the 
direct  QIA  method  (%Are)  involved  scanning  an  average  of  75%  of  the  total  specimen  cross- 
sectional  area.  The  excluded  25%  area  was  associated  with  the  outer  molded  surface  and 
edge  regions.  Hence,  the  %An  measurement,  in  principle,  is  more  accurate  than  %AR;  how¬ 
ever,  it  requires  a  considerably  greater  amount  of  time  to  acquire  the  data. 

A  source  of  error  in  the  calculated  percent  fiber  (%An)  is  the  average  cross-sectional 
sample  area  used  because  of  surface  contours.  The  error  in  the  QIA  direct  measurement  of 
percent  fiber  (%Af2)  is  generated  by  limitations  in  scanning  the  entire  cross  section  which 
leads  to  variations  in  the  percentage  of  actual  cross  section  measured.  It  is  assumed  that 
these  sources  of  error  do  not  significantly  effect  the  relative  trends  within  or  between  manu¬ 
facturers  which  were  established  in  the  comparative  analysis  of  this  data. 

The  spread  of  the  points  about  the  dashed  45-degree  linear  equality  line  in  Figure  11  indi¬ 
cates  reasonable  agreement  between  these  two  approaches,  thus  providing  a  high  degree  of 
confidence  in  the  direct  percent  fiber  measurements  ( %An )  of  Method  2.  The  reasonable 
agreement  in  data  further  suggests  that  the  two  methods  were  equally  suitable  for  obtaining 
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percent  fiber  area  data.  However,  using  Method  2  allows  for  substantial  time  savings  and 
acceptable  accuracy. 


Figure  1 1 .  Percent  fiber  from  direct  QIA  meesurementt,  %Ac,  versus  percent  fiber 
calculated  from  cross-sectional  area,  %Ari,  for  each  tensile  specimen. 


The  average  percent  fiber  from  direct  QIA  measurements  (%An)  for  each  tensile  speci¬ 
men  versus  the  standard  deviation  of  %Ar  is  plotted  in  Figure  12.  The  standard  deviation 
for  the  measurements  of  fractional  fiber  volume  were  of  the  order  of  ±10.7%  for  the 
AS4/3501-6  system  and  ±8.0%  for  the  T300/934  system.  The  trend  in  this  plot  shows  that 
composites  with  higher  %fiber  content  had  lower  standard  deviations,  indicating  a  more 
densely  packed  fiber  configuration  within  the  cross  section,  and  the  converse  is  true  for  speci¬ 
mens  with  lower  percent  fiber  content.  Hence,  the  standard  deviation  is  probably  a  good 
approximation  of  fiber  uniformity  within  the  scanned  portion  of  the  cross  section.  Again,  all 
the  %A(2  measurements  were  performed  at  the  same  Quantimet  magnification,  43SX,  making 
it  possible  to  compare  the  standard  deviation  variations  between  specimens. 

Tables  10  and  11  list  the  average  values  for  (Af/W)!  and  (Af/W)2  for  each  fabricator. 

These  tables  show  very  good  agreement  between  these  two  methods  of  determining  fiber  area 
per  unit  width.  The  (Af/W)t  values  are  considered  the  more  accurate  QIA  measurement  of 
the  two  methods  since  the  entire  specimen  cross  section  is  measured.  However,  the  QIA  mea¬ 
surement  of  percent  fiber  area  can  be  achieved  by  only  measuring  approximately  75%  of  the 
cross-sectional  area  of  the  specimen,  thus  providing  a  time  saving  measurement  advantage. 

The  agreement  between  these  methods  provides  greater  confidence  for  using  the  (Af/W)2  per¬ 
cent  fiber  area  method. 


24 


Figure  12.  Percent  fiber  from  QIA  measurements,  %Aq,  versus  the  standard 
deviation  of  %A«  for  each  tensile  specimen. 


Table  10.  AVERAGE  PARAMETER  VALUES  FOR  AS4/3501-6  CARBON  FIBER/RESIN  COMPOSITE 


MFG 

ID 

(Ar/W), 
sq.  in./in. 

(AtfWJa 
sq.  inyin. 

%Ae 

tl 

in. 

An 

sq.  in. 

w 

in. 

A1 

0.0243 

0.0243 

60.0 

0.0405 

1.0010 

A2 

0.0243 

0.0237 

65.5 

0.0362 

0.0243 

0.9992 

A3 

0.0246 

0.0242 

60.1 

0.0403 

0.0246 

1.0021 

A4 

0.02S3 

0.0247 

50.6 

0.0468 

1.0042 

Table  1 1 . 

AVERAGE  PARAMETER  VALUES  FOR  T300/334  CARBON  FIBER/RESIN  COMPOSITE 

MFG 

ID 

(*/W)i 
sq.  in./ln. 

(At/W)a 
sq.  in./in. 

tl 

in. 

Afi 

sq.  in. 

w 

in. 

T1 

0.0231 

0.0237 

67.2 

0.0353 

0.0232 

1.0062 

T2 

0.0241 

0.0238 

69.2 

0.0344 

0.0242 

1.0065 

T3 

0.0239 

0.0242 

66.2 

0.0366 

0.0240 

1.0060 

T4 

0.0238 

0.0222 

55.3 

0.0402 

0.0238 

1.0033 

average  fiber 

area  per 

unit  width, 

(Af/W)1( 

in  inches  squared  per  inch,  is  plotted 

Figure  13  for  each  manufacturer.  The  (Af/W)j  is  proposed  as  a  good  parameter  for  compar¬ 
ing  fiber  cross-sectional  area  variations  between  manufacturers  since  the  width  of  the  tensile 
specimens  remained  fairly  constant;  1.0000  ±0.0050  inches. 


25 


Fabricator 

Figure  13.  Average  fiber  area  per  unit  width,  (A*W)i,  in  inches 
,  . .  squared  per  inch,  for  each  fabricator. 

The  concept  of  variations  in  fiber  area  or  volume  per  unit  width  as  a  function  of  compos¬ 
ite  thickness  was  demonstrated  by  Whittenberger  et  al.  Whittenberger  reported  an  inverse 
relationship  between  carbon  fiber  area  or  fiber  volume  and  composite  thickness.  The  sus¬ 
pected  reason  for  this  opposite  trend  demonstrated  in  his  report  is  due  to  the  composite 
width  constraint  imposed  by  the  matched  metal  die  mold  used  by  Whittenberger.  Materials 
analyzed  in  this  MIL-HDBK-17  study  were  fabricated  using  an  autoclave  method,  where  com¬ 
posite  width  is  unconstrained,  allowing  the  fiber  to  spread  out  as  the  composite  is  com¬ 
pressed.  This  results  in  a  decrease  in  thickness,  which  in  turn  causes  a  decrease  in  fiber  area 
or  volume  per  unit  width. 

The  average  fiber  area  per  unit  width,  (Af/W)1;  for  the  three  tensile  specimens  in  each 
manufacturing  group  versus  the  thickness  determined  from  micrometer  measurements  (t2)  is 
plotted  in  Figure  14.  Figure  14  indicates  a  definite  trend  of  increasing  fiber  content  with 
increasing  thickness  within  each  manufacturer  in  both  fiber-resin  systems.  Lines  are  arbitrarily 
drawn  connecting  specimens  of  the  same  manufacturer  for  ease  in  visualizing  the  monotomic 
trends.  However,  the  data  is  specific  to  a  particular  fabrication  method  and  would  not  be  suit¬ 
able  for  fiber  content  comparison  between  fabricators.  As  shown,  at  a  fiber  area  per  unit 
width  of  0.0227  in.2/in.  the  micrometer  thickness  varies  from  0.036  inches  up  to  0.048  inches 
depending  on  the  fabricator;  a  33%  increase. 

Although  there  are  a  limited  number  of  points  per  fabricator,  the  monotomic  increasing 
trend  within  each  fabricator  group  appears  to  be  consistent.  It  is  suggested  that  a  family  of 
linear  curves  may  exist  with  constant  slope  and  curve  intercept  parameters  which  may  be  a 


6.  WHITTENBERGER,  J.  D.  et  al.  On  Determination  of  Fibre  Fraction  in  Continuous  Fibre  Composite  Materials.  Journal  of  Materials 
Science  Letters,  v.  1,  1962. 
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function  of  other  parameters  such  as  resin  content  and/or  processing  variations.  More  data  is 
needed  to  confirm  this  behavioral  characteristic.  However,  establishing  calibration  quality  con¬ 
trol  graphs  of  this  type  for  each  fabricator  could  prove  useful  in  providing  estimates  in  fiber 
content  variations  by  monitoring  composite  thickness. 
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Figure  14.  Average  liber  area  per  unit  width,  (Ai/W)i  for  each  tensile  specimen, 
in  inches  squared  per  inch,  versus  thickness  measured  via  micrometer,  fc,  in 
inches,  for  each  fabricator. 


Quantitative  image  analysis  is  very  effective  in  providing  fiber  volume  uniformity,  void 
sizes,  and  distributions.  For  determining  bulk  fiber  volume  of  laminate  panels,  QIA  is  consid¬ 
ered  time  consuming  and  costly  in  terms  of  sample  preparation  and  measurement.  Other 
techniques,  such  as  wet  chemistry  and  light  intensity  methods,7’8  are  probably  sufficient  for 
batch  property  data.  However,  QIA  microstructural  characterization  of  the  individual  test  spec¬ 
imens  (prior  to  or  after  testing)  could  be  useful  in  the  areas  of  mechanical  property  analysis 
and  composite  strength  reproducibility.  Such  detailed  information  may  translate  into  high  reli¬ 
ability  for  the  end  user,  and,  hence,  the  cost  justified.  Also,  one  cannot  overstress  the  use 
of  microscopic  examination  for  qualitative  assessment  of  processed  laminates  as  part  of  a  rou¬ 
tine  quality  assurance  program. 


CONCLUSIONS  AND  RECOMMENDATIONS 

Surface  contours  due  to  mold  release  cloths  are  present  in  six  of  the  eight  fabricated 
panels.  The  surface  contours  varied  between  fabricators  so  the  magnitudes  of  the  average  or 


*  'i  Atfn^ari^  Test  Method  for  Fiber  Content  of  Resin-Matrix  Composites  by  Matrix  Digestion.  American  Society  for  Testing 
I  no  MltCTulft,  1976. 
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maximum  thicknesses  are  not  constant.  In  some  cases,  a  laminate  surface  contour  generates 
an  error  of  ±2.2%  in  the  composite  thickness  values  when  using  conventional  flat  anvil 
micrometers.  Hence,  when  these  molded  surface  contours  exist,  the  flat  anvil  micrometers  pro¬ 
vide  only  a  maximum  thickness  versus  an  average  thickness.  This  could  be  a  problem  when 
calculating  composite  strength. 

The  QIA  data  shows  that  for  each  fabricator,  the  fiber  content  per  unit  width  increases 
with  increasing  laminate  micrometer  thickness,  indicating  that  the  micrometer  thickness  could 
be  used  to  monitor  fiber  content  in  the  laminates,  if  calibration  graphs  specific  to  each  fabrica¬ 
tion  process  were  generated. 

On  the  average,  QIA  measurements  indicate  a  16%  increase  in  fractional  fiber  volume 
using  a  mold  release  bleeder  cloth  compared  to  a  mold  release  film  during  processing.  The 
prepreg  manufacturer’s  specification  did  not  stipulate  a  mold  release  method  or  the  possible 
influence  it  might  have  on  the  composite’s  fiber  volume  percent.  Therefore,  it  is  recom¬ 
mended  that  the  prepreg  manufacturer  specify  the  mold  release  method  used.  It  is  further 
recommended  that  the  imprints  of  the  various  types  of  mold  release  fabrics  be  characterized 
using  qualitative  or  quantitative  methods.  The  imprint  characteristics  or  “fingerprints”  could 
be  cataloged  and  specified  by  fabricators.  These  could  become  important  for  composite  testing 
and  failure  analysis,  laminate  coating,  or  bonding  applications. 

Quantitative  image  analysis  is  very  effective  in  providing  fiber  volume  uniformity,  void 
sizes,  and  distributions.  The  end-to-end  variation  of  the  fiber  area  and  the  %fiber  area 
within  a  specific  specimen  is  small  relative  to  specimen-to-specimen  variations  and  the 
variability  between  fabricators.  For  all  fabricators,  the  fiber  area  measurements  vary  on  the 
average  ±1.5%  between  ends  A  and  B  of  a  particular  tensile  specimen.  These  observations 
provide  evidence  that  the  relative  aspects  of  the  QIA  data  is  reliable  and  can  be  used  for 
comparing  composite  systems  and/or  individual  samples  and  for  determining  if  a  relationship 
exists  between  fiber  content  and  tensile  strength.  Actual  composite  material  standards  for 
optical  QIA  measurements  do  not  exist,  and,  hence,  the  accuracy  of  the  QIA  cannot  be  deter¬ 
mined.  All  specimens  have  zero  or  negligible  void  contents. 

QIA  can  be  used  as  a  means  of  determining  the  fiber  and  void  contents,  surface  condi¬ 
tions,  and  cross-sectional  areas  of  individual  mechanical  test  specimens  prior  to  or  after  test¬ 
ing.  Also,  with  continued  advancements  in  the  image  processing  and  storage,  microstructural 
data  can  be  stored  in  the  data  base  for  future  use.  Coupling  this  microstructural  data  with 
the  raw  material  specifications,  fabrication  parameters,  and  mechanical  property  data  could 
prove  to  be  very  useful  in  understanding  the  behavior  and  improving  the  reliability  of  fiber- 
reinforced  composite  materials. 
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APPENDIX  A.1.  ARTIFICIAL  SPECIMEN  SPECIFICATIONS 


DIMENSIONS: 


FEATURES: 


L:  75  mm 
L:  3  inches 


W:  25  mm 
L:  1  inch 


SQUARE 
50  x  50  ±2  fim 
Area:  0.0025  mm2 

TRIANGLE 
Base:  500  ±5  ftm 
Height:  435  ±5  ftm 


12  CIRCLES 
Diameter:  103  ±2  /*m 

Total  Area:  0.100  mm2 

Total  Projection:  1.24  mm 


108  BARS 

2,  3,  6,  ±0.8  ftm  Wide 


ORDERING  INFORMATION: 


Order  part  number:  72164  Artificial  Specimen  Slide. 


The  Artificial  Specimen  slide  is  designed  for  checking  Quantimet  performance  and  for  system 
calibration.  It  includes  a  series  of  high  quality  geometric  features  for  use  with  transmitted  or 
incident  light  microscopes. 


CAMBRIDGE  INSTRUMENT  COMPANY,  INC.  •  40  ROBERT  PITT  DRIVE,  MONSEY,  NEW  YORK  10952  *(91 4)  356-3331  •  TELEX  137-305 
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APPENDIX  A.2.  MATERIALOGRAPHIC  SAMPLE  PREPARATION  FOR  QIA 


SAMPLES:  Carbon  Fiber  Reinforced  Epoxy  Composite  Tensile  Specimen 


CUTTING: 

Equipment:  Struers’  Accutom  saw 

Blade:  Metal  bond  diamond,  low  concentration 

Lubricant:  Water 

Blade  Speed:  800  RPM 

Feed  Rate:  0.1  mm/minute 

Sample  Angle:  90  degrees  to  tensile  load  direction 


MOUNTING: 

Equipment:  Buehler  vacuum  impregnation  apparatus 
Material:  Struers’  Epofix,  room  temperature,  8  hour  epoxy 


GRINDING: 

Equipment: 

Materials: 

Lubricant: 

Cleaning: 


Struers'  Planopol/Pedemax  grinding  machine 
Struers’  silicon  carbide  grinding  papers 
Tap  water 

Ultrasonically  cleaned  between  each  grinding 
step  for  1  to  2  minutes  in  soapy  tap  water  then 
rinsed  in  tap  water. 


Force,  kp 
2 


Speed,  rpm 

Grit  ^<m) 

Time,  min* 

300 

500(30) 

sample  thru 

» 

800(21) 

3  +  3 

« 

1000(18) 

3  +  3 

N 

1200(15) 

3  +  3 

a 

2400(10) 

3  +  3 

« 

4000(5 ) 

3  +  3 

POLISHING: 

Equipment 

Materials: 

Lubricant: 

Cleaning: 


Struers’  Planopol/Pedemax  polishing  machine 
Struers’  “DUR”  silk  cloth  and  diamond  spray 
Distilled  water 

Ultrasonically  cleaned  before  and  after  polishing 
step  for  1  to  2  minutes  in  soapy  tap  water. 
Rinsed  in  distilled  water  then  ethanol  and  warm 
air  dried. 


Force,  kp  Speed,  rpm  Grit  size  Time,  min* 

2  150  l^m  spray  3 

•Time  will  vary  with  the  total  number  of  samples  being  prepared  simultaneously.  The  above  procedure  was  based 
on  3  samples.  More  samples  will  increase  the  grinding/polishing  times.  Also,  these  same  carbon/epoxy  samples 
without  fiberglass  composite  tabs  could  probably  half  the  allotted  grinding  time.  Also,  each  additional  3  minute 
step  per  grit  size  requires  a  new  grinding  paper. 
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